Abstract. Measurements of the non-Gaussianity of the primordial density field have the power to considerably improve our understanding of the physics of inflation. Indeed, if we can increase the precision of current measurements by an order of magnitude, a null-detection would rule out many classes of scenarios for generating primordial fluctuations. Large-scale galaxy redshift surveys represent experiments that hold the promise to realise this goal. Thus, we model the galaxy bispectrum and forecast the accuracy with which it will probe the parameter f NL , which represents the degree of primordial local-type non Gaussianity. Specifically, we address the problem of modelling redshift space distortions (RSD) in the tree-level galaxy bispectrum including f NL . We find novel contributions associated with RSD, with the characteristic large scale amplification induced by local-type non-Gaussianity. These RSD effects must be properly accounted for in order to obtain un-biased measurements of f NL from the galaxy bispectrum. We propose an analytic template for the monopole which can be used to fit against data on large scales, extending models used in the recent measurements. Finally, we perform idealised forecasts on σ fNL -the accuracy of the determination of local non-linear parameter f NL -from measurements of the galaxy bispectrum. Our findings suggest that current surveys can in principle provide f NL constraints competitive with Planck, and future surveys could improve them further.
Introduction
Inflation in the very early universe is a simple mechanism for generating primordial density fluctuations from vacuum fluctuations. This gives rise to anisotropies in the cosmic microwave background (CMB) and the large-scale structures that we observe in the Universe today [1] . Different realizations of inflation lead to distinctive observational consequences, which can be studied through the predicted statistics for the primordial fluctuations. An important example is the non-Gaussian features associated with the non-vanishing n-point correlations functions Φ in (k 1 ) . . . Φ in (k n ) of the primordial gravitational potential Φ in (x). Reconstructing the initial non-Gaussian pattern of primordial fluctuations from inflation out of late-time observations is a major focus of current cosmology research.
Inflationary mechanisms can lead to primordial non-Gaussian features in different ways [2] : the most studied example is local non-Gaussianity, in which fluctuatuations of the primordial potential Φ in (x) can be expressed as a power series of a single, Gaussian field ϕ G (x) so that [3] [4] [5] 
with a constant non-linearity parameter f NL controlling the deviations from purely Gaussian statistics.
In this work, we will focus our attention on local non-Gaussianity. Local non-Gaussianity in real space leads to a primordial bispectrum for Φ in (the Fourier transform of the 3-point function) which peaks in the squeezed configuration (k 1 k 2 k 3 ) in Fourier space. Scenarios leading to local non-Gaussianity -and f NL greater than or of order one -include multiple field inflationary models, or set-ups involving conversion mechanisms as curvaton or modulated reheating (see e.g. [6] for a review). Single field, slow-roll inflation instead predicts an extremely small non-Gaussian signal in the squeezed configuration of the bispectrum, whose size is of the order of the tilt of the power spectrum [7] . measurements in future. A comparison suggests that the bispectrum may improve the measurement of f NL by about an order of magnitude respect to the power spectrum of a single tracer.
Basics
In this section we briefly discuss how the local non-linear parameter f NL affects the evolution of the density field and the formation of structures. We review our findings of [58] and we define our notation. See also [59] for a detailed review on these topics.
We concentrate on local type non-Gaussianity of the form given in eq. (1.1). Local nongaussianity induces correlations among fluctuations of different wave numbers, in particular between long and short modes. This becomes apparent when taking the Fourier transform of eq. (1.1): the second term proportional to f NL becomes a convolution, which couples different wavenumbers of the Gaussian mode ϕ G . This fact is important for our discussion.
Perturbation theory
The evolution equations for perturbations of a cosmic fluid in an expanding Friedman-RobertsonWalker universe can be formulated in terms of the matter overdensity δ(x) and the corresponding velocity divergence θ(x) = ∇ · v(x), and then solved in perturbation theory by [59] δ(k, z) = ∞ n=1 dk 1 (2π) 3 . . . dk n−1 (2π) 3 dk n δ D (k − . . . − k n )F n (k 1 , . . . , k n , z)δ lin (k 1 , z) . . . δ lin (k n , z) (2.1)
where H is the conformal Hubble parameter at redshift z, related to the Hubble parameter H by H(z) = aH, and f is the logarithmic derivative of the linear growth factor D(z), f = d ln D/d ln a ≈ Ω
4/7
m (z) in ΛCDM [60] . In the matter-era D(z) ∝ (1 + z) −1 and we use the normalization D(0) = 1. The linearly evolving density field δ lin is related to the primordial gravitational potential through
where the function α(k, z) is defined as
T (k) is the transfer function, which goes to one as k → 0. Note that the linearly evolving density (eq. (2.3)) includes non-Gaussian terms in the presence of PNG. Thus it is useful to define the Gaussian part of the linearly evolving density field as
In general, the kernels F n and G n are time dependent. However, since they are weakly sensitive to the underlying cosmology, we can compute them for an Einstein-De Sitter universe, where they are constant in time. At linear order they read F 1 (k) = G 1 (k) = 1, so that δ (1) = δ G and θ (1) = −f H δ G . The second-order solutions are [59] δ (2) 
with the kernels defined as
8)
Notice that the couplings between modes of different wavelengths introduce a dependence on f NL in the second order solutions (eqs. (2.6) and (2.7)). The quantities δ(x) and θ(x) are expressed in Eulerian frame, with the initial spatial coordinate q in the Lagrangian frame being related to the evolved Eulerian coordinate x through the formula
where Ψ is the displacement field. Such relation is useful for obtaining an alternative way to write the second-order solution of eq. (2.6), which will be needed in section 2.4. It is given by [61, 62] :
where s 2 = s ij s ij and s ij is the trace-free tidal tensor, defined as 12) and δ K ij is the Kronecker delta. From now on, in order to simplify our expressions, we will not explicitly write the redshift dependence in the density and velocity fields.
Press-Schechter approach
The Press-Schechter approach [63] and its extensions [64, 65] provide a consistent framework for describing the full non-linearly evolved density field, and in particular the number of gravitationally collapsed dark matter halos, in terms of the initial, linearly growing density field (see [66] for a pedagogical review). Dark matter halos are identified as peaks in the linearly growing density field of eq. (2.3), exceeding a suitable threshold value: this is usually assumed to be the linearly growing density amplitude for a spherically collapsed object, δ c 1.686 [1] .
The number density of objects with mass M at redshift z is called the mass function. Defining ν ≡ δ c /σ, the Press-Schechter approach predicts the mass function to have the form 13) where the variance of the smoothed linearly-evolved density field is
We choose the window function W M (k, R) to be the real-space top-hat filter of length scale R(M) = (3M/4πρ m ) 1/3 , with Fourier transform
(2.15)
In this work we follow [35] and assume the mass function to be a combination of the PressSchechter f PS [63] , Sheth-Tormen f ST [67] [68] [69] and Lo Verde f LV [70] mass functions: 16) where H n is the n-th Hermite polynomial and the 3rd cumulant κ 3 (M) is approximately [71] 
Equation (2.16) is assumed to be a reasonable description of objects formed from ellipsoidal collapse with non-Gaussian (nG) initial conditions. Further details on the mass function can be found in appendix A.
The bivariate model
The fact that primordial non-Gaussianity couples modes of different wavenumber has important consequences for the Press-Schechter theory of structure formation. Since dark matter halos are associated with peaks of the matter density contrast, we can expect that the distribution of halo overdensity depends not only on the local value of the matter density contrast, but also on how it is distributed around a given position. This information is encoded in the correlation functions of the matter density contrast, that in turn are affected by PNG. A convenient way for describing this fact introduces the concept of peak-background split (PBS), and leads to important consequences when studying the overdensity of halos with PNG of local-type [10, 12, 35, 38, 58, 72, 73] . The PBS approach identifies the primordial Gaussian field ϕ G as a superposition of statistically independent long and short modes 18) where the use of q indicates that we work with the initial (or linearly evolved) quantities, therefore in the Lagrangian frame. The (arbitrary) length scale l is chosen such that the short modes are responsible for the collapse of matter into objects on a scale R l, while the long modes only perturb the approximately homogeneous background cosmology. This in turn requires the variable ν in the mass function to be replaced with a local value 19) where the long density modes are defined as 20) and the effective variance of the short modes is now modulated, through PNG, by ϕ G,l ,
By treating δ lin,l and σ l as independent perturbations controlling the halo overdensity in Lagrangian space, δ L g (q), this quantity can be then conveniently expressed as a double Taylor expansion,
where we dropped the subscript l in the right hand side to simplify the notation; the Lagrangian bias coefficients b L ij derived from the mass function of eq. (2.16) are quoted in appendix A. Equation (2.22) is known as the bivariate model for the halo/galaxy overdensity [72] (see also [74] for a recent application of a bivariate model for an effective field theory approach to galaxy biasing).
Galaxy overdensity in the Eulerian frame
The bivariate model describes the statistics of the objects in the Lagrangian frame, while their dynamics are obtained by the transformation to Eulerian coordinates. As we explained, the two frames are linked by x(q, τ ) = q + Ψ(q, τ ), where the displacement field Ψ is the dynamical quantity in the Lagrangian picture. The transformation can be performed under the conservation of the number density of objects in a given volume; if there is no velocity bias between objects and matter, then [75] 
In [35, 72] , the halo/galaxy overdensity in the Eulerian frame is obtained by assuming spherical collapse. By dropping this assumption, we get a more general (non-local) result [58] :
where * stands for a convolution and the Eulerian bias coefficients are related to Lagrangian ones through
From now on, we drop the superscript E to indicate the Eulerian bias coefficients, in order to simplify the notation. However, we continue to write the superscript L where needed for avoiding confusion. As discussed in section 2.1, the Fourier transform of the density field in Eulerian coordinates is 27) with the kernel defined as follows
The non-Gaussian shift term n 2 is a consequence of the displacement of halos/galaxies respect to their initial positions q in the Lagrangian frame, which affects the field ϕ G (x): 29) where the kernel is
We use the following standard definitions for the galaxy power spectrum P gg and bispectrum B ggg :
At tree-level, they can be conveniently written as 32) where P (k) is the matter power spectrum for the Gaussian source field ϕ G , while the kernels E i are defined as
in E 1 is the so-called scale-dependent bias: it is responsible for deviations on the large-scale clustering, with respect to the scale-independent bias b 10 . The first and second term that appears in E 2 account for non-linear clustering and non-linear biasing respectively, while the terms in the bottom line describe the non-linear effects due to PNG. A detailed analysis of the results for the bispectrum is presented in [58] .
To conclude this section, let us point out that for avoiding the complexities of a full bispectrum measurement, a new observable is proposed in [78] in terms of position dependent power spectrum. We explore this possibility in appendix B, in light of the result of eq. (2.32).
Redshift space distortions
The peculiar velocities of galaxies contaminate the redshift measurements of surveys, resulting in distortions along the line of sight. The in-fall of galaxies into clusters is responsible for large-scale distortions, while the velocity dispersion inside a cluster leads to the Fingers of God (FoG), usually a small-scale effect. In this paper, for the first time, we study how PNG affects the bivariate halo distribution when formulated in redshift space, finding new and potentially sizeable large scale effects. We model RSD within a perturbative approach and focus mainly on the large scale effects, for the purpose of obtaining analytic results.
An object at some position x and redshift z appears in redshift space at position [79] :
In the second line we use f ≡ d ln D/d ln a, and we introduce the reduced component along the line of sight, u z , given by
where µ ≡k ·ẑ = k ·ẑ/k. The second line of eq. (3.1) holds under the plane parallel (or distant observer, or flat sky) approximation. If the distances between galaxies are much smaller than the distance between the observer and the galaxies (resulting therefore in a small transverse component with respect to the radial direction) the line of sightx can be assumed to be fixed alongẑ, pointing towards the centre of the galaxies of interest. When used to compute the galaxy power spectrum, this approximation has been shown to be valid for pairs separated by an angle less than 10
• [80] . If one has to use the full data from surveys such as BOSS and Euclid, where distances between galaxies can be comparable with the observer distance, then wide angle effects must be considered as well. This problem has been addressed in several works with various approaches (see for instance [80] [81] [82] [83] [84] [85] [86] [87] [88] ), investigated in numerical simulations (for example in [89] ) and the impact on measurements considered [90, 91] . However, in this first work about the effect of PNG on the bispectrum in redshift space, as predicted by the bivariate model, we will neglect for simplicity wide angle effects. Since we will show that PNG could be enhanced by RSD on large scales, in regimes where wide angle effects may not be negligible, the results of section 3 should be considered as a zero order approximation of a more general framework which combines PNG, RSD and wide angle effects. The development of this framework is left for future work. Equation (3.2) approximates the redshift space mapping of eq. (3.1) as a power series. By comparing eq. (3.2) with eq. (2.2), it follows that
Galaxy overdensity in redshift space
The transformation from real to redshift space is obtained by requiring the conservation of the number density of objects,
so that in Fourier space we have [92] 
where eq. (3.8) holds under the assumption of a small velocity component along the line of sight, |u z | 1. In general, the redshift-space galaxy overdensity can be written as
where the redshift space kernels Z n (k 1 , . . . , k n ) are, up to second order
with µ i ≡k i ·ẑ = k i ·ẑ/k i . These kernels Z i are important since they allow us to express the tree-level galaxy power spectrum and bispectrum in redshift space, by replacing E 1 (2) → Z 1 (2) in eqs. (2.31) and (2.32):
including the effects of PNG. The resulting expression for B s ggg -whose physics we will discuss more in detail in the next section -represents one of the main results of this paper 2 . At this stage we
) is usually included in the r.h.s of eq. (3.14), accounting for the FoG damping due to intra-cluster velocity dispersion, beyond linear level [93] . This phenomenological extension, which describes N-body data, will not be considered here for the purpose of getting an analytic result in the next section.
can make some considerations with respect to the various contributions to the Z i , which we will then develop in what comes next.
Considering Z 1 , it contains the bias b 10 and the scale-dependent correction (nG1). At linear level, RSD introduce the quantity βµ 2 ≥ 0, explaining why objects are more clustered in redshift space (compared to real space). The term (1 + βµ 2 ) is often referred to as the 'Kaiser factor' [50] , where β = f /b 10 and is regularly accounted for in studies of galaxy clustering (e.g. [94] ).
For Z 2 , we notice that the contributions that we label with SQ1 (linear squashing), NLB (nonlinear bias), nG2 (second order non Gaussian effects) are already present in the expressions for E 2 (eq. (2.34)) controlling the bispectrum in real space. On the other hand, the remaining three contributions are generated by redshift-space distortions. The quantities SQ2 (second order squashing) and FOG are already well studied in the literature.
Interestingly, we notice the presence of a qualitatively new term (FoGnG), induced by PNG. It mimics the FOG contribution, but with an amplification of 1/α(k). In a sense, it is an analogue for RSD of the scale-dependent bias of the galaxy power spectrum induced by PNG. The FoGnG term is sourced by the coupling between u z and ϕ G (first integrand in eq. (3.9)), potentially affecting large-scale measurements. Therefore, neglecting it would introduce a systematic error, resulting in a biased f NL measurement from the tree-level of the bispectrum 3 . As pointed out in [59] , the galaxy overdensity of eq. (3.10) is the result of two approximations: one is the power series expansion (eq. (3.2)) of the redshift space mapping (eq. (3.1)), the other one is the perturbative expansion of δ(k) and θ(k) (eqs. (2.1) and (2.2)). Therefore, the perturbation theory in redshift space is expected to break down on larger scales than in real space. However, replacing the kernels with effective kernels calibrated against simulations can extend the validity of the results based on eq. (3.10), as shown in [95] . Although we will not implement these techniques here, the replacement is straightforward.
Galaxy bispectrum monopole
In this section, we choose to investigate the galaxy bispectrum monopole, i.e. the angle averaged bispectrum along the direction of the line of sight. The reason is to extend the monopole model used in the recent measurement by Gil-Marin et al. [52, 95, 96] to the case of PNG. The result of this section can thus be applied in a similar analysis, aiming to measure f NL .
The galaxy bispectrum in redshift space is a function of five variables: three of them (say k 1 , k 2 andk 1 ·k 2 = cos θ 12 ) fully define the shape of the triangle, while the polar angle ω = arccos µ 1 and the azimuthal angle φ aboutk 1 describe how it is oriented with respect to the line of sight. All the angles between the vectors k 1 , k 2 , k 3 and the line of sightẑ can be written in terms of µ 1 and φ [93] :
The (µ 1 , φ)-dependence introduced by redshift space distortions can be conveniently decomposed into spherical harmonics,
As we mentioned, we focus only on the monopole (l = 0, m = 0), i.e. the average over all the possible orientations of the bispectrum with respect to the line of sight, 17) although the large-scale enhancement of PNG in redshift space, associated with the term called FoGnG (see eq. (3.12)), is found also in higher multipoles, since it is not cancelled by angular integrations.
We start by quoting the monopole for Gaussian initial conditions (
The terms D SQ1 and D SQ2 represent the linear and non-linear contributions to the large-scale squashing, D NLB the non-linear bias contribution and, finally, D FOG accounts for the linear part of FoG, i.e. the damping effect due to velocity dispersion. The labelling that we introduced in eqs. (3.11) and (3.12) helps to understand where these factors come from: schematically D SQ1 is the result of the angular average of the Kaiser factor squared times the term SQ1, D SQ2 of the Kaiser factor squared times SQ2 and so on. Appendix C further clarifies these points, with explicit expressions for the D-factors. Here and after we omit their explicit dependence D(k i , k j , cos θ ij , y ij , β) to simplify the notation, but they are among the quantities to be permutated. We now generalise the previous result to the case of local-type PNG; it can be written as
where we have introduced the correction factors
(3.20)
(3.21)
(3.24)
We see that PNG enters into the expression (3.19) in four different ways:
• The kernels F 2 and G 2 acquire a correction proportional to f NL , as seen in section 2.1.
• The linear (SQ1) and non-linear (SQ2) squashing, non-linear biasing (NLB) and linear part of FoG (FOG) are modified by the correction factors R SQ1 , R SQ2 , R NLB and R FOG , respectively. In these, for instance, D 
SQ2
from the SQ2 term times nG1 squared, and so on.
• Non-Gaussianity distortions appear in the non-linear effect of PNG through the term D nG2 R nG2 .
In particular, D nG2 is generated by the integration of the Kaiser factor squared times the nonlinear effect of PNG (nG2) and D nG1 nG2 by the angular average of the Kaiser factor times nG1 times nG2.
• Importantly, a new set of terms appear, potentially relevant at large scales, related to the quantity called FoGnG in eq. (3.12). D FoGnG is the result of the integration of the Kaiser factor squared times FoGnG, D 
FoGnG
by the angular average of the FoGnG term times nG1 squared.
Appendix C further discusses in detail all the D-factors that we schematically described here. In order to provide an illustration of the role played by PNG in redshift space, we plot in fig. 1 the absolute value of the relative difference between the non-Gaussian and the Gaussian monopole,
assuming f NL = 10 and objects with mass M = 10 13 h −1 M . The plots are based on the graphical representation of [37] The primordial non-Gaussian signal clearly peaks in the squeezed limit (top left corners) of the galaxy monopole, mainly on large scales and/or high redshift. On the other hand, interestingly, a nonnegligible signal propagates also into other configurations, with decreasing amplitude as it approaches the equilateral configuration (top right corners). We interpret this effect, at least partly, as due to the new contributions FoGnG discussed above; primordial non-Gaussianity in redshift space induces distortions that can affect large scale measurements. Failing to include all the non-Gaussian effects together with RSD would result into biased measurements of f NL .
Fisher Analysis
As the recent measurement of Gil-Marín et al [52, 96] shows, the bispectrum is a valuable tool for cosmology. In particular, the larger amount of available configurations in a wavelength range between k min and k max compared to the power spectrum may well shrink the observational bounds on f NL even further, as many works show [33] [34] [35] 97] , potentially below the Planck constraint [98] . The monopole derived in the previous section naturally extends the model considered by Gil-Marín et al [95] to the case of local-type PNG and can be used to measure f NL .
However, it may not be the only way to improve our constraints on inflation: the multi-tracer technique is a promising tool [27] . Even the novel position-dependent power spectrum could be an interesting alternative, although a detailed analysis in the case of PNG is still missing (see the discussion in appendix B). As both involve measurements of the power spectrum, they require less efforts than a full bispectrum analysis.
In this section we present forecasts of the accuracy in determining f NL -a quantity that we call σ fNL -based on a Fisher analysis for the bispectrum. Our aim is to give an illustration of the best possible improvement one could get with respect to power spectrum forecasts, when a single tracer is considered [24, 57] . On the other hand, important effects (like the covariance between different triangles) will be neglected and the quoted results are by no means intended to be fully realistic; rather, they are meant to motivate future work. For this reason we will consider only the bispectrum in real space, which is computationally easier to handle than the redshift space result. Although forecasts based on the redshift-space bispectrum can have some small quantitative differences respect to our results, we expect the following qualitative discussion to hold anyway 4 . The Fisher formalism is a tool for setting a lower limit on the statistical uncertainties that future surveys will have in the measurements of cosmological parameters of interest (see [99] [100] [101] for an introduction). The Fisher matrix information is defined as
where L(x; p) is the likelihood function, i.e the probability of the data x given the parameters p, and p α is the α-th unknown parameter. If all the parameters are fixed except one (say p α ), then the lower limit on the 1σ error bar in the p α measurement is σ pα = 1/ √ F αα . Otherwise, if we marginalise over the parameters, the lower bound becomes σ pα = F −1 αα . The Fisher matrix for the bispectrum is [33, 98] 
where B and ∆B 2 are the bispectrum and covariance estimator respectively and we assume the minimum value of k to be fixed by the survey volume V , k min = 2π/V 1/3 , while the maximum is k max = 0.1D(0)/D(z) -a reasonable limit for the validity of the non-linear analytic model [57] .
Methodology
To compute the Fisher matrix we need to define B, ∆B 2 and the set of unknown parameters p; our assumptions are described below. 4 Technically, studies on the cumulative signal-to-noise, i.e. summed over all the configurations, show the critical dependence of the halo bispectrum signal on some kind of triangle configurations and the maximum wavenumber, kmax, considered [35, 97] . At large scales (kmax < 0.05hMpc −1 ), the signal is strongly suppressed because only few configurations are available, and with a large variance. By increasing kmax, the number of triangles considerably grows (N Tr ∼ k 3 max ) and, consequently, the signal. As fig. 1 suggests, a large fraction of it is in squeezed configurations. Among these, the FoGnG term can play a role on those that have their smallest k on sufficiently large scales. However, one should bear in mind that these large-scale, squeezed triangles are highly correlated, i.e. the covariance cannot be neglected (see also the discussion in section 4.1). Thus, we expect that forecasts based on the redshift-space bispectrum will have small differences respect to our results, but it is clear that failing to include RSD in the bispectrum model could bias a f NL measurement at the level of accuracy that is now required.
We assume the bispectrum model of eq. (2.32), while the covariance for a survey of volume V is given by [102] (∆B)
where the volume of the fundamental cell is V f = (2π) 3 /V and V 123 ≈ 8π 2 k 1 k 2 k 3 δk 3 , with δk being the bin size.n is the number density of objects accounting for the shot noise, while s 123 is the symmetry factor, respectively s 123 = 6, 2, 1 for equilateral, isosceles and general configurations. In the noise estimator, the power spectrum is approximated by the leading contribution P gg (k) = (b 10 + b 01 /α(k)) 2 P (k). For simplicity and as in other studies [33-35, 97, 103] , we neglect the covariance between different configurations of the bispectrum which is expected to be non-negligible for triangles sharing one or two sides, in particular on large scales [104] . The induced covariance arising from survey selection effects (i.e. complicated survey geometry and mask) is ignored as well.
As explained in [34] , the results of [33] suggest that ignoring covariance can over-estimate the constraining power of a given sample by a factor of two for k < 0.1hMpc −1 and up to a factor of eight for k < 0.3hMpc −1 at redshift zero. At higher redshift the contribution from a connected 6-point function generated by non-linear gravitational evolution is expected to be less important and thus the (theoretical) covarince reduced. The largest k values used in our forecasts lie between 0.15hMpc −1 and 0.25hMpc −1 in the redshift range 0 < z < 2.2; suggesting covariance could make our forecasts optimistic by a factor of ∼ 5. However, we will show that the constraining power in current and future surveys would provide competitive f NL constraints even if the covariance degrades our idealised forecasts by a factor of 5, although a more realistic analysis is needed to fully explore this.
We assume all the cosmological parameters to be fixed to Planck 's central values [105] , except for the linear and non-linear bias and f NL , thus p = {b 10 , b 20 , f NL }. The fiducial model that maximizes the likelihood is assumed to be p = {b is calibrated against real data (either from the particular survey or characteristic of the type of galaxy expected to be observed by the particular survey) and will be quoted in the following paragraphs, depending on the survey and the tracer. f fid NL is assumed to be vanishing, this being compatible with current data: the final results will give an idea of the significance level at which a non-null primordial signal can be detected.
Since the non-linear bias is not a well constrained parameter, the choice of the fiducial value is very important. We take it to be the analytic prediction b In our analysis we consider four redshift surveys: BOSS, eBOSS, DESI and Euclid, briefly presented below. The data used for each of them can be found in the tables in appendix D. [53] is a galaxy redshift survey, which finished observations in 2014. It mapped the spatial distribution of about 1.5 million luminous red galaxies (LRGs) 5 , covering 10, 000 deg 2 in the redshift range 0 < z < 0.8, with the primary goal of detecting the characteristic scale imprinted by sound waves in the early universe, i.e. the Baryon Acoustic Oscillations (BAO). Also, about 160, 000 quasars (QSOs) were observed in the redshift range 2.2 < z < 3, so that correlations can be measured in the Lyman-α forest, which we will not consider here. Table 2 in appendix D shows the basic numbers for BOSS, with the linear bias assumed to be b LRG 10 = 1.7/D(z) (see [24] and references therein). 5 Strictly speaking, BOSS also contains a sample of luminous galaxies with more star formation and greater disk morphology than typical LRGs.
BOSS

SDSS-III's Baryon Oscillation Spectroscopic Survey
eBOSS
The extended Baryon Oscillation Spectroscopic Survey [54] is part of the SDSS-IV project and started observations in 2014. It will extend the BAO measurements to 0.6 < z < 2.2 by observing LRGs, Emission Line Galaxies (ELGs) and QSOs.
The eBOSS numbers we use match those presented in [57] . LRGs will be observed in the redshift range 0.6 < z < 1 over 7, 000 deg 2 , with a linear bias assumed to be b LRG 10 = 1.7/D(z), while QSOs will fall in the range 0.6 < z < 2.2 over 7, 500 deg 2 , with bias b QSO 10 = 0.53 + 0.29(1 + z) 2 . The ELG target selection definitions have not been finalised, but each of the three proposals considered in [57] result in samples that have a significant overlap in volume with the LRG sample. We have tested each potential ELG sample and found that even if they are treated independently, they do not add substantial constraining power. Therefore, we omit them from the forecast constraints we present. Tables 3 to 5 show the basic numbers for eBOSS LRGs, QSOs and ELGs respectively. Refer to [57] and references therein for further details.
DESI
Dark Energy Spectroscopic Instrument [55] is a redshift survey with the primary target of measuring the effect of dark energy on the expansion of the Universe. It is expected to run between 2018 and 2022 and will map the universe from low to high redshift over 14, 000 deg 2 , measuring the optical spectra for tens of million objects, including LRGs, ELGs and QSOs.
The LRGs will fall in the redshift range 0.1 < z < 1.1 with a linear bias assumed to be b Table 6 shows the basic numbers for DESI (see [24] and references therein).
Euclid
Euclid [56] is a space mission developed to study the imprints of dark energy and gravity. The expansion rate of the Universe and the growth of structures will be tracked by using two complementary observables: weak gravitational lensing and galaxy clustering. Its launch is planned for 2020.
We focus on the redshift survey part of the mission, which is expected to detect about 50 million galaxies in the redshift range 0.6 < z < 2.1, over 15, 000 deg 2 . The fiducial value for the bias is assumed to be b 10 = 0.76/D(z). Table 7 shows the basic numbers for Euclid (see [24] and references therein).
Results
Given the assumptions listed above, table 1 shows the lower limit on σ fNL that could be expected from the bispectrum of BOSS, eBOSS, DESI and Euclid. We also present the forecast results for the power spectrum, in order to provide a comparison. The results combine all the tracers available for each survey (LRGs, ELGs, QSOs), which are treated as independent, except that we omit any ELG sample for eBOSS, as previously noted.
If we focus first on the results labelled 'bias float' (marginalising over bias) of the bispectrum set of columns, our analysis suggests that BOSS and eBOSS will both be able to reach σ fNL 1. eBOSS appears to be penalised compared to BOSS because of the lower number densities. Interestingly, DESI and Euclid may give σ fNL < 1, regardless of the chosen fiducial value for b 20 , within ±1 range. The DESI result is more stringent than the Euclid one because DESI is assumed to observe more biased objects; however, combining the BOSS and Euclid data tighten the constraint towards the DESI result. Clearly, the f NL measurements improve by fixing the linear and non-linear bias: the results on the last column (bias fixed) of table 1 indicate an improvement factor between 1.4 and 2 on σ fNL .
A comparison between σ fNL expected from the bispectrum and those from the power spectrum of a single tracer (first two columns of table 1, but see also [24, 57] ) seems to indicate about an order of magnitude improvement. Even allowing for a factor of five dilution in constraining power potentially caused by covariance between triangle configurations, our forecasts remain impressive. Indeed, we forecast that current BOSS data should allow f NL constraints competitive with those obtained from Planck [8] . 
Conclusions
The target sensitivity of f NL ∼ 1 sets a new challenge in the search for primordial non-Gaussianity. While future CMB experiments may not be able to achieve this goal, large-scale structure observations hold the promise to reach this level of sensitivity, by exploiting the characteristic scale-dependence introduced by local-type models in the bias relation between collapsed objects and the density field, and the very large amount of data available with future redshift surveys. In this work, we have studied the sensitivity of galaxy bispectrum measurements to f NL , tackling the problem from two separate directions. We first addressed the problem of modelling redshift space distortions in the tree-level galaxy bispectrum with primordial non-Gaussianity of local-type. We examined how redshift space distortions can affect large-scale measurements, and therefore potentially lead to a biased measurement of f NL if not properly described. In particular, we identified new contributions to the galaxy bispectrum, which physically correspond to large-scale amplificationsinduced by primordial non-Gaussianity -of redshift space distortion effects. Moreover, we proposed an analytic prediction for the monopole which can be used to fit against data, in the large scale regimes where the non-linear part of FoG can be neglected. We analysed the physical consequences of our findings, providing a graphical method for comparing our results for bispectra with the case in which primordial non-Gaussianity is not included.
We then performed idealised forecasts of σ fNL , the accuracy of the determination of local f NL , that could be obtained from measurements of the galaxy bispectrum using data from surveys like BOSS, eBOSS, DESI and Euclid. Our findings suggest that the bispectrum of galaxies in current and future surveys will provide competitive f NL constraints even if the covariance between triangle configurations degrades our idealised forecasts by a factor of 5. In particular, current BOSS data should allow for Planck -like constraints on f NL , while future surveys like Euclid and DESI will contain the statistical power to shrink the bound by an additional factor of three.
We leave as a challenge for future work to obtain improved predictions for σ fNL fully accounting for the covariance: this will be necessary if we are to completely understand the power of bispectrum measurements to constrain f NL compared to alternative approaches, such as the multi-tracer technique or the position-dependent power spectrum. Donough Regan for providing useful comments. GT is supported by STFC grant ST/N001435/1. DW is supported by STFC grants ST/K00090X/1 and ST/L005573/1.
with the bias coefficients defined as
By using the explicit form of eq. (2.21) for σ l and redefining the bias as 
while all the non-Gaussian bias factors are built from a combination of these: 
B Position-dependent power spectrum
Although the bispectrum contains more information than power spectrum, it is more challenging to measure and, indeed, only few measurements have been reported so far [33, 52, 96, [106] [107] [108] [109] [110] [111] . To overcome this issue, a new observable has been proposed in [78] , which measures an integral of the squeezed configuration of the bispectrum. In [112] , this has been applied to measure the non-linear bias b 20 from the BOSS data release 10.
This new observable, called position-dependent power spectrum, correlates the power spectrum in a subvolume of the survey volume to the mean overdensity of the subvolume itself: basically it measure the response of the spectra of short density modes to a large-scale fluctuation. We briefly describe below how the position-dependent power spectrum is built, referring the reader to [78, 112] for further details.
Given a density field δ(x) in a cubic survey volume V with length side L B , suppose to split it into N subvolumes, with side L = L B /N . If we now focus on the subvolume centred at x L , we can measure the local mean overdensity as
where the volume of the subvolume is V L = L 3 and the window function is assumed to be
The Fourier transform of the window is
, where the 0-th spherical Bessel function is j 0 (x) = sin(x)/x. The position-dependent power spectrum is defined as
is the Fourier transformation of the density field with integral ranging over the subvolume centred at x L .
If we now correlate the mean overdensity to the position-dependent power spectrum in the corresponding subvolume, it can be shown that
where iB(k) is called the integrated bispectrum and B(k 1 , k 2 , k 3 ) can be the matter bispectrum, the galaxy bispectrum or cross-correlations between matter and galaxies. An angular average over iB(k) removes the remainingk-dependence due to the choice of a cubic window function and one finally gets
From the behaviour of the 0-th spherical Bessel function, the dominant contribution to the integrated bispectrum comes from wavenumbers k that are larger than 1/L, i.e. from the squeezed configuration of the bispectrum
If we consider the tree-level matter bispectrum with Gaussian initial conditions (f NL = 0),
it can be shown that the integrated bispectrum is [78] 
where σ 2 L is the variance of the density field on the subvolume scale,
By including local type PNG, the tree-level matter bispectrum reads
and the linear response of the small-scale matter power spectrum to large-scale density perturbation is now
where we have introduced the new quantities
If we now consider the galaxy bispectrum of eq. (2.32), the integrated bispectrum is Equations (B.11) and (B.14) are our prediction for iB(k) coming from the matter and galaxy bispectrum with local-type non-Gaussianity, respectively. In [112] , an analysis on iB ggg shows poor constraints on f NL compared to those from the power spectrum. However, since the scale-dependent bias due to local-type non-Gaussianity was ignored there, it would be interesting to see how much the constraint on f NL from the position-dependent power spectrum would improve when the result of eq. (B.14) is used. We leave this for future work.
C D factors
The factors D(k i , k j , cos θ ij , y ij , β) introduced in section 3.2 are defined as the integrals below
(C.5) 
D Basic numbers for BOSS, eBOSS, DESI, Euclid
Here we present tables with the numbers describing the BOSS, DESI, Euclid [24] and eBOSS [57] surveys, which we use to forecast constraints on primordial non-Gaussianity in section 4. 
